Cholinergic MB Neurons Regulate Sleep-Yi et al
INTRODUCTION

ÀLHV
17, 18 and mediates many of the effects of DA and 5-HT on sleep.
11, 19, 20 18 7KH UROH RI WKH 0% LQ VOHHS FRQWURO LV WKXV FRPSOH[ DQG UHPDLQV FRQWURYHUVLDO ,Q DGGLWLRQ DOWKRXJK WKH 0% KDV been found to be modulated by various types of neurons, the QHXURFKHPLVWU\ QDWXUH RI WKH 0% QHXURQV WKHPVHOYHV KDV EHHQ poorly understood. 22 +HUH ZH VKRZ WKDW LQKLELWLQJ *R DFWLYLW\ LQ D UHVWULFWHG VXEW\SH RI 0% QHXURQV WKH 0% Įȕ FRUH QHXURQV OHDGV WR LQFUHDVHG VOHHS :H IXUWKHU GHPRQVWUDWH WKDW WKHVH 0% QHXURQV are cholinergic and their acetylcholine (Ach) output is required IRU VOHHS UHJXODWLRQ )LQDOO\ ZH ¿QG WKDW WKH DGMDFHQW 0% neurons play opposite roles in sleep regulation and also require *R VLJQDOLQJ DQG $&K RXWSXW IRU WKHLU IXQFWLRQ
METHODS
Drosophila
6WUDLQV
)UXLW À\ VWUDLQV ZHUH NLQGO\ JLIWHG DV IROORZV 8$6*R *73
E\ 'U $QGUHZ 7RPOLQVRQ &ROXPELD 8QLYHUVLW\ 8$637; E\ 'U *UHJJ 5RPDQ 8QLYHUVLW\ RI +RXVWRQ 8$6PF E\ 'U <XK1XQJ -DQ 8QLYHUVLW\ RI &DOLIRUQLD DW 6DQ )UDQFLVFR 0%*DO E\ 'U 6FRWW :DGGHOO 8QLYHUVLW\ RI 0DVVDFKXVHWWV 0HGLFDO 6FKRRO &KD 3.3kb *DO E\ 'U <L 5DR 3HNLQJ 8QLYHU-VLW\ *$'*DO E\ 'U 7DNDRPL 6DNDL 7RN\R 0HWURSROLWDQ 8QLYHUVLW\ F*DO E\ 'U $PLWD 6HKJDO 8QLYHUVLW\ RI 3HQQV\OYDQLD '+*DO E\ 'U <L =KRQJ 7VLQJKXD 8QLYHU-VLW\ 8 23, 24 ,QIUDUHG /(' OLJKWV were used to give constant illumination for video recording. Web cameras with a 640 × 480 resolution were pretreated to allow reception of only infrared light. Images were acquired every 5 sec and further processed by Pysolo 24 to determine the ORFDWLRQ RI WKH ÀLHV 6OHHS ZDV GH¿QHG DV QR GHWHFWDEOH PRYHment for 5 min or longer. 3 6OHHS SDUDPHWHUV ZHUH FDOFXODWHG using Matlab (MathWorks, Natick, MA). Waking activity was calculated as the total walking distance divided by the total time awake.
For experiments without heat induction, sleep was assayed IRU WKUHH /' F\FOHV DW & ,Q KHDW LQGXFWLRQ H[SHULPHQWV VOHHS ZDV PRQLWRUHG LQ WZR /' F\FOHV DW & DV D SUHKHDW FRQWURO WR PHDVXUH WKH EDVHOLQH VOHHS DQG ÀLHV ZHUH WKHQ H[SRVHG WR D K & KHDW VKRFN IURP =7 WR =7 $IWHU D K UHFRYHU\ SHULRG VOHHS GDWD IURP WKH QH[W WZR /' F\FOHV ZHUH FROOHFWHG DW & DV WKH SRVWKHDW VOHHS OHYHO
)RU IUHHUXQQLQJ FLUFDGLDQ UK\WKP DQG VOHHS DVVD\ ÀLHV ZHUH treated and recorded in the same condition as mentioned previously, except that the experiments were performed in constant GDUNQHVV /RFRPRWRU DFWLYLW\ ZDV PHDVXUHG DIWHU WKH UHFRYHU\ IRU GD\V DQG FDOFXODWHG LQ &ORFNODE $FWLPHWULFV :LOPHWWH ,/ WR REWDLQ WKH SDUDPHWHUV RI WKH FLUFDGLDQ UK\WKP 7KH SRZHU RI WKH UK\WKP ZDV FDOFXODWHG E\ FKLVTXDUH PHWKRG DW D FRQ¿-dence level of 0.01.
'DWD $QDO\VLV
$OO VWDWLVWLFDO DQDO\VHV ZHUH FRQGXFWHG XVLQJ 6366 6366 ,QF &KLFDJR ,/ 7KH :LONV6KDSLUR WHVW ZDV XVHG WR GHWHUmine the normality of the data. Preheat and postheat records of LQGLYLGXDO ÀLHV ZHUH FRPSDUHG ZLWK WZRWDLOHG SDLUHG 6WXGHQW tWHVWV 7KH OHDVW VLJQL¿FDQW GLIIHUHQFH W WHVW /6' ZDV XVHG as a post hoc test after one-way analysis of variance. Data were presented as mean behavioral responses and error bars UHSUHVHQWHG WKH VWDQGDUG HUURU RI WKH PHDQ 6(0 'LIIHUHQFHV EHWZHHQ JURXSV ZHUH FRQVLGHUHG VLJQL¿FDQW LI WKH SUREDELOLW\ RI error was less than 0.05 (P < 0.05). 
,PPXQRKLVWRFKHPLVWU\
RESULTS
%ORFNLQJ *R $FWLYLW\ E\ F*DO (OHYDWHV 6OHHS LQ )OLHV
For sleep research in Drosophila, a video recording system has been newly developed, which could detect subtle move-PHQWV DV VPDOO DV PP DSSUR[LPDWHO\ RI WKH À\ ERG\ length. 23 Thus, we set up this system in our laboratory and PDQXDOO\ FRQ¿UPHG WKDW LW FRXOG IDLWKIXOO\ UHDG WKH À\ SRVL-WLRQ )LJXUH 6 7R SUHYHQW SRWHQWLDO GHYHORSPHQWDO HIIHFWV we adopted the temporal and regional gene expression targeting 7$5* Figure 1A) . In contrast to hypersomnia resulting from blocking *R DFWLYLW\ HOHYDWLQJ *R DFWLYLW\ LQ F QHXURQV OHG WR D VLJQL¿-FDQW GHFUHDVH LQ VOHHS DPRXQW )LJXUHV $ DQG % 4XDQWL¿FD-WLRQ RI VOHHS SDUDPHWHUV UHYHDOHG WKDW HOHYDWLQJ *R DFWLYLW\ LQ c309 neurons induced sleep decrease during both the daytime DQG QLJKWWLPH )LJXUH & 'XULQJ WKH GD\WLPH VOHHS ERXW number decreased, but sleep duration was comparable to control ÀLHV )LJXUHV ' DQG ( 2Q WKH FRQWUDU\ VOHHS ERXW QXPEHU during the nighttime was unchanged, whereas sleep duration was GUDPDWLFDOO\ GHFUHDVHG )LJXUHV ' DQG ( :DNH ERXW GXUDtion was increased during both daytime and nighttime, indicating more consolidated wakefulness ( Figure 2F ). Taken together with WKH UHVXOWV IURP F ! 37; ÀLHV ZH VXJJHVW WKDW *R IXQFWLRQV in c309 neurons to reinforce wakefulness, and that the signals PHGLDWHG E\ *R PD\ UHSUHVHQW ZDNHSURPRWLQJ VLJQDOV
*R )XQFWLRQV LQ FODEHOHG 0% įȖ &RUH 1HXURQV WR 5HJXODWH Sleep
We next examined which of the neurons labeled by F*DO ZHUH UHVSRQVLEOH IRU *R VLJQDOPHGLDWHG VOHHS HIIHFWV :KHQ P&'*)3 P*)3 ZDV FRQWLQXRXVO\ H[SUHVVHG E\ F*DO DOO RI WKH 0% Įȕ DQG Ȗ QHXURQV DQG some neurons scattered through the central brain were strongly ODEHOHG )LJXUH 6$ FRQVLVWHQW ZLWK D SUHYLRXV UHSRUW 28 30 Although we noticed decreased only in cholinergic neurons and is critical for the synthesis of acetylcholine. 34 %\ NQRFNLQJ GRZQ ChAT ZLWK F*DO ZH observed similar sleep amount decrease, which could also be HOLPLQDWHG E\ 0%*DO )LJXUH 6 &RQWLQXRXV NQRFNLQJ down of vAChT or ChAT LQ WKH 0%V PD\ DIIHFW 0% GHYHOopment, thus causing the sleep defects. We then checked the
+RZHYHU ZKHQ ZH LQGXFHG *)3 H[SUHVVLRQ IRU GD\V LQ WR GD\ROG ÀLHV E\ KHDW VKRFN )LJXUH $ ZH REVHUYHG IDU IHZHU H[SUHVVLRQ UHJLRQV WKDW ZHUH GULYHQ E\ F*DO )LJXUH % ,W VKRXOG EH QRWHG WKDW WKH DJH RI WKHVH ÀLHV XVHG FRUUHVSRQGV WR WKH DJH RI ÀLHV IRU ZKLFK KHDW VKRFN ZDV
PRUSKRORJ\ RI WKH 0%V LQ WKHVH DGXOW ÀLHV E\ )DV,, VWDLQLQJ 7KH PXVKURRP ERGLHV ZHUH PRUSKRORJLFDOO\ QRUPDO LQ DOO ÀLHV H[DPLQHG )LJXUHV 6$ WKURXJK 6( 7KXV WKHVH REVHU-YDWLRQV VXJJHVW WKDW F0% QHXURQV DUH FKROLQHUJLF DQG WKDW WKH $&K VLJQDO LQ WKHVH QHXURQV SOD\V DQ HVVHQWLDO UROH in sleep regulation. )LJXUH -Inhibition of the endogenous Go signal in multiple MB-Gal4 lines decreases sleep. $& +HDWLQGXFHG H[SUHVVLRQ SDWWHUQV DUH VKRZQ IRU UHVSHFWLYH *DO OLQHV ZLWK WXE*DO ts )URP OHIW WR ULJKW DUH SURMHFWLRQ YLHZV RI WKH FHQWUDO EUDLQ WKH 0% OREHV WKH 0% OREHV FRVWDLQHG ZLWK )DV,, DQG D VLQJOH KRUL]RQWDO VHFWLRQ DW WKH WLS RI Į OREH (A) '+*DO GULYHV VWURQJ H[SUHVVLRQ LQ 0% Įȕ VXUIDFH DQG Ȗ DUHD PRGHUDWH H[SUHVVLRQ LQ WKH 0% Įȕ SRVWHULRU DQG ZHDN H[SUHVVLRQ LQ WKH Įȕ FRUH DUHDV (B) 5(*DO GULYHV VWURQJ H[SUHVVLRQ LQ 0% Įȕ VXUIDFH SRVWHULRU FRUH DQG Ȗ DUHDV (C) NP3061-Gal4 drives VWURQJ H[SUHVVLRQ LQ 0% Įȕ VXUIDFH DQG FRUH DUHD DQG PRGHUDWH H[SUHVVLRQ LQ 0% Įȕ SRVWHULRU DUHD F FRUH S SRVWHULRU V VXUIDFH 6FDOH EDU UHSUHVHQWV ȝP (D and E) 7HPSRUDO H[SUHVVLRQ RI 37; ZLWK WKHVH *DOV OHDGV WR VLJQL¿FDQWO\ GHFUHDVHG VOHHS DPRXQW 7KH QXPEHUV RQ EDUV LQGLFDWH WKH QXPEHU RI ÀLHV LQ HDFK JURXS 'DWD ZHUH DQDO\]HG XVLQJ SDLUHG 6WXGHQW
t-tests. ***P < 0.001. In mammals, pharmacological and electrophysiological studies suggest the cholinergic nuclei in the brainstem promote rapid eye movement sleep or wake, whereas in the forebrain they correlate with wake only. 43, 44 Direct lesions of different putative cholinergic nuclei showed different effects in rapid H\H PRYHPHQW VOHHS VXJJHVWLQJ FRPSOLFDWHG IXQFWLRQV RI $&K system in sleep. 45 ,Q RXU VWXG\ RI ÀLHV UHGXFLQJ $&K RXWSXW in different subsets of cholinergic neurons affected sleep in different ways ( Figure 7D) 
